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Minireview
Nuclear Receptor Coactivator Function in Reproductive Physiology and Behavior1
Heather A. Molenda,3 Caitlin P. Kilts,4 Rachel L. Allen,4 and Marc J. Tetel2,3,4
Center for Neuroendocrine Studies,3 Neuroscience and Behavior Program, University of Massachusetts,
Amherst, Massachusetts 01003
Department of Biology, Neuroscience Program,4 Skidmore College, Saratoga Springs, New York 12866
ABSTRACT
Gonadal steroid hormones act throughout the body to elicit
changes in gene expression that result in profound effects on re-
productive physiology and behavior. Steroid hormones exert
many of these effects by binding to their respective intracellular
receptors, which are members of a nuclear receptor superfamily
of transcriptional activators. A variety of in vitro studies indicate
that nuclear receptor coactivators are required for efficient tran-
scriptional activity of steroid receptors. Many of these coactiva-
tors are found in a variety of steroid hormone-responsive repro-
ductive tissues, including the reproductive tract, mammary gland,
and brain. While many nuclear receptor coactivators have been
investigated in vitro, we are only now beginning to understand
their function in reproductive physiology and behavior. In this
review, we discuss the general mechanisms of action of nuclear
receptor coactivators in steroid-dependent gene transcription. We
then review some recent and exciting findings on the function of
nuclear receptor coactivators in steroid-dependent brain devel-
opment and reproductive physiology and behavior.
behavior, hypothalamus, neuroendocrinology, steroid hormone
receptors
ROLE OF STEROID HORMONES IN BRAIN
DEVELOPMENT AND REPRODUCTIVE BEHAVIOR
Organizational Effects of Steroid Hormones
Steroid hormones have profound effects on develop-
ment, growth, and reproduction. Most of these effects can
be classified as organizational and activational effects. Or-
ganizational effects occur prior (or just after) birth and are
usually permanent, while activational effects occur long af-
ter birth (usually in adulthood) and are often transient. Re-
productive physiology and behavior in adults require the
appropriate hormone-dependent development of reproduc-
tive organs and specific neural substrates. A classic exam-
ple of hormonal influences on sexual differentiation of the
brain is the development of the sexually dimorphic nucleus
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of the preoptic area (SDN-POA), a hypothalamic region
involved in the control of adult sexual behavior in rodents
[1]. In males, this nucleus is three to four times larger in
volume and contains a greater density of cells than in fe-
males [1]. Castration of male rats on the day of birth re-
duces the size of the SDN [2]. Testosterone (T) administra-
tion to female rat pups during the first week of life will
increase the volume of this nucleus to that of normal males
[2]. A variety of studies have revealed that these effects of
testosterone on the SDN-POA are due to the conversion of
T to estradiol (E) by the enzyme aromatase [3, 4]. Aro-
matase is found in a variety of brain areas, including the
POA [5], which is the primary neural structure that controls
male sexual behavior in rodents [6, 7].
The T surge in males just after birth also suppresses the
development of female sexual behavior in adulthood [8, 9].
This suppression of female sexual behavior is due to E,
aromatized from T, binding to ER [10]. In addition, the
development of masculine sexual behavior in the adult male
rat is dependent on this T surge and is mediated by andro-
gen receptors [11, 12]. In adult male rats that were castrated
and treated with either T or E, no differences were found
in the number of mounts or intromissions. Interestingly, rats
receiving T ejaculated more frequently than those treated
with E [13, 14]. These findings suggest that while E does
not elicit full male sexual behavior alone, many of the ef-
fects of T on brain and behavior are mediated by its con-
version to E.
Activational Effects of Steroid Hormones
The ovarian steroid hormones E and progesterone (P)
act in the brain to regulate female sexual behavior in ro-
dents [15]. During the 4–5-day rat estrous cycle, follicle
stimulating hormone acts at the ovaries to induce an estro-
gen peak on the day of proestrus [16, 17]. This peak in E
is followed by a rise in luteinizing hormone (LH), which
causes ovulation [16, 17]. Approximately 48 h after the E
peak, the corpus luteum begins to produce P, and estrous
behaviors begin [18, 19].
In rodents, E is necessary for sexual receptivity, which
is characterized by the lordosis posture [20, 21]. This well-
defined posture consists of the female arching the back and
raising the head and hindquarters in response to mounting
by a male [22]. Ovariectomy eliminates lordosis, while ad-
ministration of E, followed by P, to mimic the estrous cycle,
induces the expression of lordosis [20, 21, 23]. One phys-
iological function of E is to induce progestin receptors (PR)
in the brain and other reproductive tissues [24–28].
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FIG. 1. Mechanism of ER-mediated transactivation of PR gene. Estradiol binds to an inactive estrogen receptor (ER). The receptor then undergoes a
conformational change that activates the receptor and allows it to dimerize with another active ER. The dimer complex translocates to the nucleus of
the cell, where it binds to an estrogen-responsive element on target genes and initiates gene transcription. ERE, estrogen response element; SRC-1,
steroid receptor coactivator-1; CBP, CREB binding protein; P/CAF, p300/CBP-associated factor; PR, progestin receptor.
While high doses of E alone can facilitate receptive be-
haviors in female rats [29], the full repertoire of estrous
behaviors requires the presence of circulating P [20, 21, 30,
31]. For example, P stimulates proceptive behaviors, in-
cluding hopping, darting, and ear wiggling [20, 32, 33], that
serve to solicit interactions with a male and initiate mating.
Ovariectomized rats treated with E and increasing doses of
P have more frequent solicitations of males and remain in
proximity to males longer than females that lack P [33].
Testosterone, produced by the testes, is required for the
expression of masculine sexual behaviors in rodents [34].
In rats, masculine sex behaviors begin to develop by 45
days of age but are not fully expressed until T peaks at the
time of puberty, around 65 days of age [35]. Three main
behaviors make up the repertoire of male sex behavior in
rodents during a mating bout: 1) the male mounts a female
frequently; 2) after several repeated mounts, the male will
then intromit the female; and 3) within 10–15 intromis-
sions, the male ejaculates [35].
STEROID HORMONE RECEPTORS
Mechanism of Steroid Hormone Action
Steroid hormones exert their biological effects by bind-
ing to their respective intracellular receptors, which are
members of a nuclear receptor superfamily of transcrip-
tional activators [36]. Type I steroid receptors bind to DNA
in the presence of ligand and include the receptors for es-
trogens (ER), progestins (PR), androgens (AR), glucocor-
ticoids, and mineralocorticoids [36, 37]. Type II steroid re-
ceptors, which include thyroid hormone receptor (TR) and
vitamin D receptor (VDR), interact with DNA in the ab-
sence of ligand [36, 37]. Steroid receptors possess two main
transactivation domains, the AF-1 located in the N-terminus
and the AF-2 located in the C-terminal ligand binding do-
main of the receptor [36, 37]. Steroid receptors also contain
a central DNA binding domain, which is highly conserved
among the steroid receptor family [36, 37].
On binding hormone, Type I receptors undergo a con-
formational change transforming the receptors to the active
form [38]. Dissociation of heat shock protein 90 and other
immunophillins allows the activated receptors to dimerize
[39]. The dimer complex is translocated to the nucleus,
where it binds to hormone responsive elements in target
genes to alter the rate of transcription [39, 40]. Steroid re-
ceptors are phosphoproteins, in which phosphorylation, by
ligand binding and other events, increases transcriptional
activation of the receptor [41, 42]. As stated previously,
one well-known example of this steroid receptor transacti-
vation is ER-mediated induction of PR gene expression.
Estradiol-bound ER dimers bind to the estrogen response
element in the promoter of the PR gene to induce PR ex-
pression (Fig. 1) [43–45].
Role of Steroid Receptors in Female Reproductive
Behavior
A variety of implant studies reveal that steroid hormones
act in the brain to influence reproductive behavior [23, 31,
46, 47]. The ovarian steroid receptors ER and PR are found
in a number of hypothalamic brain regions, including the
mPOA, arcuate nucleus, and ventromedial nucleus (VMN)
[48], as well as many extrahypothalamic regions, including
the hippocampus, cortex, amygdala, and midbrain central
gray [48, 49]. Neural ER are essential for the expression of
female reproductive behavior in rodents [50, 51]. The VMN
contains a high density of ER and appears to be the most
sensitive site for estrogen-dependent reproductive behaviors
[46, 52]. Lesions of the VMN inhibit the display of lordosis
[53]. Estradiol implants into the VMN facilitate estrous be-
havior in female rodents [46, 47], while antiestrogens im-
planted into this region inhibit lordosis [54]. Thus, estradiol
action in the VMN is critical for the display of female sex-
ual behavior.
ER exist in two forms, a and b [55], which are both
necessary for normal reproductive behavior [50, 51]. Fe-
male ERa knockout mice are infertile because of polycystic
ovaries [56] and do not display receptive behaviors when
treated with E [50]. In contrast, ERb knockout mice express
higher levels of receptive behaviors than wild-type mice
and are receptive even after the day of estrus [51]. Fur-
thermore, while ERb knockouts are fertile, they tend to
have smaller litters of pups than wild-type mice [57]. Fe-
male mice lacking both ERa and ERb (ERabKO) are in-
fertile, although development of reproductive tracts are nor-
mal [56, 58]. This infertility may be caused by several fac-
tors in female ERabKO mice, including polycystic ovaries
and the abnormal presence of Sertoli cells in these female
mice [56, 58]. These findings suggest that ERa is the iso-
form that predominantly regulates reproductive behavior
and physiology in rodents, while ERb seems to play a less
crucial role in reproduction.
PR are also expressed in many behaviorally relevant
brain sites, including the VMN, midbrain central gray,
mPOA, amygdala, and cortex [59–61]. Estradiol induces
PR expression in the mPOA and VMN [24, 25, 46, 62],
sites known to regulate hormone-dependent female repro-
ductive behavior [23, 63]. Furthermore, E induction of PR
in the VMN is required for full expression of reproductive
behaviors [46, 49]. Progesterone implants into the VMN
facilitate reproductive behaviors, while antiprogestins elim-
inate these behaviors [23, 31]. Likewise, treatment with PR
antisense directed at the VMN reduces both proceptive and
receptive behaviors [32, 64, 65]. PR is expressed in two
forms, the full-length PR-B and the truncated PR-A [66].
In vitro studies indicate that PR-B is a stronger transcrip-
tional activator than PR-A [67–69]. In support of a role for
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PR-B in female reproductive behavior, homozygous PR-B
knockout mice are infertile and display lower levels of lor-
dosis than heterozygotes or wild-type mice [70]. Deletion
of the truncated PR-A isoform in female mice also leads to
infertility and lack of lordosis posturing [71, 72]. Thus, the
functional differences of the two PR forms in vivo need to
be investigated further.
NUCLEAR RECEPTOR COACTIVATORS
Nuclear Receptor Coactivator Action
Nuclear receptor coactivators have recently been shown
to dramatically enhance the activity of nuclear receptors in
vitro, including the steroid receptors ER, PR, AR, and glu-
cocorticoid receptor [49, 73–75]. As detailed by McKenna
et al. [73], there are several criteria that define a nuclear
receptor coactivator. Nuclear receptor coactivators physi-
cally associate with receptors in a ligand-dependent manner
[73, 74]. Receptor agonists promote, while antagonists pre-
vent, these receptor-coactivator interactions. For example,
selective estrogen receptor modulators (SERMs) block E-
dependent recruitment of coactivators to ERa and ERb,
suggesting a mechanism for these ER antagonists [76]. Nu-
clear receptor coactivators usually interact with the C-ter-
minal AF-2 of the receptor [73, 77–79] (but compare [80]).
This physical interaction between coactivator and ligand-
bound receptor appears to be mediated by the LXXLL do-
main, or nuclear receptor (NR) box, which is a domain
common to all nuclear receptor coactivators [73]. Nuclear
receptor coactivators promote gene expression by bridging
the receptor complex with the basal transcription machinery
and inducing chromatin remodeling through their intrinsic
histone acetyltransferase activity [73, 81, 82]. Histone ace-
tyltransferases disrupt interactions between the nucleosome
and DNA, allowing coactivators more efficient access to
the gene promoter, thus facilitating transcriptional activa-
tion [81, 83]. In vitro studies using antibodies against nu-
clear receptor coactivators indicate that coactivators are rate
limiting in steroid receptor-mediated gene transcription
[84]. In further support for nuclear receptor coactivator-de-
pendent facilitation of transcription in vitro, squelching, or
the repression of the transcriptional activity of one steroid
receptor by another, is reversed by the addition of coacti-
vators [74]. While the list of nuclear receptor coactivators
is growing rapidly [85, 86], this review focuses on coacti-
vators that modulate reproductively relevant steroid hor-
mone receptor functions in the brain.
The SRC Family of Nuclear Receptor Coactivators
The p160 family of nuclear receptor coactivators include
Steroid Receptor Coactivator-1 (SRC-1, also referred to as
NCoA-1) [74], SRC-2 (NCoA-2/GRIP-1/TIF-2) [78, 87]
and SRC-3 (RAC3/AIB1/pCIP/ACTR/TRAM1) [88, 89].
SRC-1 was the first coactivator of steroid receptors to be
discovered [74]. In vitro, SRC-1 enhances the transcrip-
tional activity of a variety of nuclear receptors, including
ER and PR, in a ligand-dependent manner [74, 90]. It is
thought that ligand-bound steroid receptors recruit coacti-
vators, such as SRC-1, to facilitate binding to their respec-
tive hormone response elements [74, 79, 91, 92] (and see
Fig. 1). While the SRC family of nuclear receptor coacti-
vators interacts with a variety of steroid receptors, recent
studies indicate that the efficiency of these interactions is
dependent on the isoform of the steroid receptor. ERa was
found to have higher affinities for SRC-1 and SRC-3 than
ERb [90]. Furthermore, this study found that ERa prefer-
entially interacted with SRC-3 over SRC-1 [90]. PR-B in-
teracts more efficiently with SRC-1 than does PR-A [93],
which may explain the in vitro studies suggesting that PR-
B is a stronger transcriptional activator than PR-A [67–69].
The possible functional differences between the SRC coac-
tivators in vivo are discussed later.
CREB Binding Protein
CREB binding protein (CBP) was initially discovered to
be a transcriptional activator of cAMP-response element
binding protein (CREB) [94, 95]. More recently, CBP has
been found to function as an integrator of nuclear receptors
with other cell signaling pathways, including CREB and
AP-1 [95, 96]. As is the case with the SRC family, CBP is
important in ligand-dependent transcriptional activity of nu-
clear receptors, including ER and PR [91]. Interestingly,
mutation of the CBP gene causes Rubinstein-Taybi syn-
drome, which results in severe mental retardation and a
variety of physiological deformities in humans [97]. In
mice, mutations of CBP lead to similar physical deformities
as well as impaired memory [98]. While p300 is closely
related to CBP, genetic knockout mice for CBP and p300
exhibit different phenotypes, suggesting a functional dis-
tinction between these coactivators [99].
A variety of in vitro studies indicate that SRC-1 and
CBP act synergistically to enhance ER transcriptional ac-
tivity [91]. In support of this concept, in vitro studies in-
dicate that SRC-1 physically interacts with CBP and re-
cruits CBP to the coactivator complex [67, 91, 96]. ERa
requires interaction with both SRC-1 and CBP for full tran-
scriptional activity, and prevention of these interactions by
polypeptides blocks ERa transcription [83]. P/CAF is an-
other coactivator that interacts with ER, SRC-1, and CBP
and may complex with SRC-1 and CBP to enhance ER
activity [100]. As is the case with ER, PR also requires
both SRC-1 and CBP for full transcriptional activity and
function [67, 101, 102]. For ligand-bound PR to induce
transcription of target genes, SRC-1 must be recruited to
the receptor dimer complex first, followed by CBP [101].
Deletion of either the CBP/p300 binding site or the C-ter-
minal region containing the PR binding site of SRC-1 dra-
matically reduces PR transactivation [101].
Other Coactivators of Steroid Receptors
The SRC family and CBP are only a few of the coac-
tivators that have been found to enhance the transcriptional
activity of steroid hormone receptors. Nuclear receptor
coactivator complexes, which include the vitamin-D-recep-
tor interacting proteins (DRIPs) and thyroid receptor-asso-
ciated proteins (TRAPs), enhance receptor-dependent tran-
scription through a different mechanism. While DRIPs and
TRAPs complexes interact in a ligand-dependent manner
with the C-terminus of steroid receptors, they differ from
other coactivators in that they lack histone acetyltransferase
activity [103, 104]. Rather, DRIPs and TRAPs are thought
to interact with the basal transcriptional machinery follow-
ing chromatin remodeling by other coactivators such as
CBP and SRC-1 [103, 104].
DRIPs coactivate ER and glucocorticoid receptor as well
as thyroid hormone receptors (TR) [103]. In vitro, ERa has
a similar affinity for both the DRIP205 subunit and SRC-
1. DRIP205 can enhance transcription in the absence of
SRC-1, as demonstrated by observations that ligand-bound
vitamin D receptor incubated with nuclear extracts from
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TABLE 1. Nuclear receptor coactivator expression in reproductive tissues.a
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TABLE 1. Continued.












a ICC, Immunocytochemistry; KO, knockout; ISH, in situ hybridization; NB, Northern blot analysis; RNP, RNase protection assay; WB, Western blot.
HeLa cells did not copurify SRC-1 or SRC-2 with a tran-
scriptionally active DRIP complex [105]. Likewise, CBP
was not found to interact with the DRIP complex. These
findings suggest that DRIPs interact with steroid receptors
as a distinct complex that does not include p160 coactiva-
tors or CBP [105].
The TRAP220 subunit has been found to interact in a
ligand-dependent manner with the C-terminus of receptors,
including ER and TR [106]. In coimmunoprecipitation as-
says, ERb precipitated TRAP220 from cell extracts more
efficiently than ERa, suggesting that TRAP220 binds pref-
erentially to ERb over ERa [107]. This more efficient bind-
ing of TRAP220 to ERb than to ERa may be due to dif-
ferences in the F-domain of the extreme C-terminus of
these two receptors [107]. TRAP220 is expressed in a va-
riety of neural structures during rodent embryonic devel-
opment, including the neocortex, cerebellum, hippocampus,
basal ganglia, and midbrain [108]. While the authors sug-
gest that TRAP220 may function in development of brain
structures [108], this intriguing possibility has yet to be
investigated.
ER-associated protein 140 (ERAP140) is a recently char-
acterized protein that interacts in a ligand-dependent man-
ner with ERa and ERb as well as TR and retinoic acid
receptor [109]. Interestingly, ERAP140 differs from other
coactivators in that it does not contain an NR box LXXLL
motif but rather interacts with liganded ER through a do-
main located between amino acids 489 and 559 of
ERAP140. In addition, this coactivator does not have any
sequence homology with any other known coactivators,
suggesting that it represents a novel class of nuclear recep-
tor coactivators [109]. The expression of ERAP140 is tissue
specific, with high expression in mammary gland, ovaries,
uterus, testes, and prostate [109]. Interestingly, highest ex-
pression of this coactivator was found in brain, including
behaviorally relevant areas, such as the hypothalamus
[109]. However, the function of this novel coactivator in
reproductive function has not yet been investigated.
Steroid receptor RNA activator (SRA) is a unique coac-
tivator in that it functions as an RNA transcript to enhance
transcriptional activation of steroid receptors [110, 111].
SRA was found to increase transactivation of a variety of
nuclear hormone receptors, including ER, PR, GR, AR, and
TR, in a ligand-dependent manner. As mentioned previous-
ly, coactivators can reverse squelching of one nuclear re-
ceptor by another. While liganded ER reduced PR transcrip-
tional activation by 50%, addition of SRA reversed this
squelching effect of ER [111]. The necessity of SRA for
efficient PR transactivation is further demonstrated by a
70% reduction in PR target gene expression in HeLa cells
by cotransfection of SRA antisense oligonucleotides [111].
In cells that were treated with SRC-1 and SRA antisense
ODNs, ERa activity was decreased by 70% compared to
that of control-treated cells [110]. Antisense to either SRA
or SRC-1 alone had a less dramatic effect on ERa activity,
suggesting SRA association with SRC-1 [110]. In further
support of this association, SRA was found to copurify with
SRC-1 [111]. Taken together, these findings further support
the association of SRA and SRC-1 in a coactivator complex
necessary for full steroid receptor transcriptional activity.
While it is unclear whether this coactivator mediates repro-
ductive function, SRA provides a novel mechanism of ste-
roid receptor transactivation by functioning as an RNA
complex to confer specificity of protein complexes recruit-
ed by liganded receptors.
NUCLEAR RECEPTOR COACTIVATORS
IN REPRODUCTION
Development of Reproductive Behavior
Nuclear receptor coactivators are expressed in a variety
of tissues as shown in Table 1. Many of the nuclear receptor
coactivators appear to be expressed in a tissue-specific
manner and are regulated by hormones. Gonadal hormones
are critical for the expression of reproductive behaviors in
adult rodents. High levels of T on the day of birth mas-
culinize and defeminize adult sexual behaviors in rodents
[8, 9]. However, as discussed previously, many of the phys-
iological actions of T are due to aromatization of T to E.
Estradiol treatment of males during the first 10 days of life
led to increased frequency of intromissions and ejaculation
in T-treated adult castrates compared to males treated neo-
natally with T [13, 112]. Interestingly, females treated with
T during the prenatal and neonatal period and T in adult-
hood will display masculine copulatory behaviors (e.g.,
mounting) and fewer feminine behaviors than normal fe-
males [113, 114].
Recently, nuclear receptor coactivators, such as SRC-1
and CBP, have been found to profoundly affect hormone-
dependent sexual differentiation of the brain and adult sex-
ual behaviors [123, 130]. Auger and colleagues investigated
the role of SRC-1 in hormone-dependent sexual differen-
tiation of the SDN [123]. On Postnatal Days (PN) 0–2, the
hypothalami of female rat pups were bilaterally infused
with antisense oligonucleotides (ODNs) to SRC-1 mRNA
or scrambled control ODNs. On PN1, female pups were
treated with the aromatizable androgen, T propionate, to
increase SDN volume. At PN13, antisense to SRC-1 was
found to reduce the volume of the SDN of androgenized
females by 46% compared to females receiving control
ODNs. To test if SRC-1 was critical in development of
sexual behavior, androgenized female and male rats were
treated with SRC-1 antisense or control ODNs on PN0–2
[123]. Males were castrated in adulthood and following T
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treatment were tested for male and female sex behavior.
Males and androgenized females treated with SRC-1 anti-
sense displayed higher levels of female sexual behavior
than did rats treated with control ODNs. Interestingly, male
sexual behavior in these animals did not differ. Taken to-
gether, these findings suggest that reduction of SRC-1 in
brain decreases ER activity and thus alters brain develop-
ment and inhibits the defeminizing actions of estrogen dur-
ing development [123].
CBP is expressed in reproductively relevant brain areas
in a dimorphic manner and functions in the development
of masculine sexual behavior [130]. On the day of birth,
males express 53% more CBP-immunoreactive (CBP-IR)
cells in the mPOA, and 83% more CBP-IR cells in the
VMN, than females. These findings of differential expres-
sion of CBP suggest that gonadal steroid hormones alter
levels of CBP in the brain during development, which in
turn influence neural steroid responsiveness. In this same
study, T-treated females that received CBP antisense in the
hypothalamus on PN0–2 displayed higher levels of lordosis
than androgenized females treated with control ODNs
[130]. However, CBP antisense treatment did not affect de-
velopment of male sexual behavior in these androgenized
females. Taken together with the previous study, it appears
that both SRC-1 and CBP are necessary for the defeminiz-
ing actions of ER but not the masculinizing actions of AR
during early development.
Nuclear Receptor Coactivators in Neural Gene
Expression and Female Sexual Behavior
Our lab and others have investigated the role of nuclear
receptor coactivators in hormone-dependent gene expres-
sion in brain and behavior in adults [121, 128]. E-induction
of PR gene expression in the VMN is necessary for hor-
mone-dependent female sexual behavior [46]. Using double
label-fluorescent immunocytochemistry, studies from our
lab reveal that most E-induced PR-containing neurons in
the VMN express CBP, while more than 50% express SRC-
1 [86]. Therefore, we tested the hypothesis that SRC-1 and
CBP are critical in modulating ER-transactivation of the PR
gene in the VMN. Infusions of antisense ODNs to SRC-1
and CBP mRNA into one side of the VMN of adult female
rats reduced the expression of ER-mediated activation of
PR gene expression compared to the contralateral control
ODN-treated VMN [121]. Our findings are supported by
previous in vitro studies indicating that SRC-1 and CBP
function together to modulate ER activity [91]. In further
support of SRC-1 and CBP/p300 functioning together in
brain, neurons in the rat hippocampus and dentate gyrus
coexpress SRC-1 and p300 [133]. A similar study in brain
has confirmed our findings that SRC-1 is necessary for E-
induction of PR expression in the VMN [128]. These find-
ings were extended by demonstrating that antisense to
SRC-2 reduced PR expression in this nucleus, suggesting
that SRC-2 also functions in the full expression of E-in-
duced PR in brain.
Given that nuclear receptor coactivators are critical for
hormone-dependent gene expression in brain, we next tested
the hypothesis that these coactivators function in the expres-
sion of hormone-dependent behaviors. Female rats were bi-
laterally infused with either antisense ODNs to both SRC-1
and CBP mRNA or scrambled control ODNs into the VMN
for three consecutive days. On Days 2 and 4, rats were treat-
ed with E and P, respectively. Four hours after P, rats were
tested for receptive behavior with an experienced male rat.
Infusion of antisense to SRC-1, and CBP mRNA decreased
the display of sexual receptivity. These findings were con-
firmed by another study showing that SRC-1, and also SRC-
2, influence the expression of lordosis in hormone-primed
females [128]. Thus, reduction of nuclear receptor coacti-
vators in brain reduces the expression of female sexual be-
havior, further supporting a role of coactivators in hormone-
dependent actions in brain. We are currently investigating
the function of nuclear receptor coactivators in the modula-
tion of PR activity in brain and behavior.
Nuclear Receptor Coactivators in Peripheral Reproductive
Tissues
While a variety of in vivo studies have elucidated the
function of nuclear receptor coactivators in brain as dis-
cussed previously, we are now starting to learn more about
their function in peripheral reproductive tissues. Many nu-
clear receptor coactivators are found in a variety of periph-
eral tissues and across different species (see Table 1). SRC-
1 null mutant mice, while fertile, exhibit decreased growth
of steroid-responsive tissues, such as the uterus, prostate, and
testes, compared to wild-type mice [116]. Interestingly, TIF2
(SRC-2) was up-regulated in tissues such as the brain and
testes, suggesting that increased expression of this coacti-
vator may compensate for the absence of SRC-1 [116]. Nev-
ertheless, these studies indicate that SRC-1 is necessary for
E and T action in peripheral reproductive tissues.
SRC-3 knockouts have a variety of deficits in the de-
velopment of steroid-sensitive reproductive tissues [89]. In
female SRC-3 KOs, puberty is delayed 3 days compared to
wild-type mice. However, treatment with E can alleviate
this delay, suggesting that later puberty in these animals is
due to problems with E synthesis. Furthermore, although
these SRC-3 KO mice are fertile, they ovulate fewer eggs,
are less likely to become pregnant, and deliver fewer pups
than wild-type mice or heterozygous SRC-3 null mice. Es-
trous cycles in SRC-3 KOs were nearly twice as long as
cycles in wild-type mice. The authors suggest that the dis-
rupted reproductive function in these mice may be due to
defects of the ovary. Furthermore, lack of SRC-3 in oocytes
may result in decreased oocyte development, leading to
subfertility in knockout mice.
Studies over the past decade have dramatically increased
our knowledge of steroid hormone action in reproduction
and in particular steroid-mediated gene expression in re-
productive tissues. The mechanisms by which steroids act
in a tissue-specific manner is a fundamental issue in steroid
hormone action. Nuclear receptor coactivators appear to be
critical in the fine-tuning of steroid responsiveness within
individual cells in the brain and reproductive tissues. How-
ever, the function of many of these coactivators in repro-
ductive physiology and behavior is not clearly understood.
In order to better understand the basic mechanisms of re-
productive function, it is essential to investigate further the
role of nuclear receptor coactivators in modulating hormone
action in steroid-responsive reproductive tissues. Future
studies of these important nuclear receptor coactivators in
steroid action will greatly enhance our knowledge of hor-
mone-regulated reproductive behavior and physiology.
NOTE ADDED IN PROOF
The following references are to be added to the SRC-1
section of Table 1:
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Mitev YA, Wolf SS, Almeida OF, Patchev VK. Developmental expression
profiles and distinct regional estrogen responsiveness suggest a novel role
for the steroid receptor coactivator SRC-1 as a discriminative amplifier of
estrogen signaling in the rat brain. FASEB J 2003; 17: 518–519.
REFERENCES
1. Gorski RA, Harlan RE, Jacobson CD, Shryne JE, Southam AM.
Evidence for the existence of a sexually dimorphic nucleus in the
preoptic area of the rat. J Comp Neurol 1980; 193:529–539.
2. Jacobson CD, Csernus VJ, Shryne JE, Gorski RA. The influence of
gonadectomy, androgen exposure, or a gonadal graft in the neonatal
rat on the volume of the sexually dimorphic nucleus of the preoptic
area. J Neurosci 1981; 1:1142–1147.
3. Dohler KD, Srivastava SS, Shryne JE, Jarzab B, Sipos A, Gorski
RA. Differentiation of the sexually dimorphic nucleus in the preoptic
area of the rat brain is inhibited by postnatal treatment with an es-
trogen antagonist. Neuroendocrinology 1984; 38:297–301.
4. Dohler KD, Coquelin A, Davis F, Hines M, Shryne JE, Sickmoller
PM, Jarzab B, Gorski RA. Pre- and postnatal influence of an estrogen
antagonist and an androgen antagonist on differentiation of the sex-
ually dimorphic nucleus of the preoptic area in male and female rats.
Neuroendocrinology 1986; 42:443–448.
5. Wozniak A, Hutchison RE, Hutchison JB. Localisation of aromatase
activity in androgen target areas of the mouse brain. Neurosci Lett
1992; 146:191–194.
6. Christensen LW, Nance DM, Gorski RA. Effects of hypothalamic
and preoptic lesions on reproductive behavior in male rats. Brain Res
Bull 1977; 2:137–141.
7. Arendash GW, Gorski RA. Effects of discrete lesions of the sexually
dimorphic nucleus of the preoptic area or other medial preoptic re-
gions on the sexual behavior of male rats. Brain Res Bull 1983; 10:
147–154.
8. Booth JE. Sexual behaviour of neonatally castrated rats injected dur-
ing infancy with oestrogen and dihydrotestosterone. J Endocrinol
1977; 72:135–141.
9. Whalen RE, Edwards DA. Hormonal determinants of the develop-
ment of masculine and feminine behavior in male and female rats.
Anat Rec 1967; 157:173–180.
10. McCarthy MM, Schlenker EH, Pfaff DW. Enduring consequences of
neonatal treatment with antisense oligodeoxynucleotides to estrogen
receptor messenger ribonucleic acid on sexual differentiation of rat
brain. Endocrinology 1993; 133:433–439.
11. Van der Schoot P. Effects of dihydrotestosterone and oestradiol on
sexual differentiation in male rats. J Endocrinol 1980; 84:397–407.
12. Ward IL, Renz FJ. Consequences of perinatal hormone manipulation
on the adult sexual behavior of female rats. J Comp Physiol Psychol
1972; 78:349–355.
13. Sodersten P, Hansen S, Eneroth P, Wilson CA, Gustafsson JA. Tes-
tosterone in the control of rat sexual behavior. J Steroid Biochem
1980; 12:337–346.
14. Sodersten P, Larsson K. Lordosis behavior and mounting behavior
in male rats: effects of castration and treatment with estradiol ben-
zoate or testosterone propionate. Physiol Behav 1975; 14:159–164.
15. Gorski RA. The neuroendocrinology of reproduction: an overview.
Biol Reprod 1979; 20:111–127.
16. Everett JW. Central neural control of reproductive functions of the
adenohypophysis. Physiol Rev 1964; 44:373–431.
17. McCann SM, Porter JC. Hypothalamic pituitary stimulating and in-
hibiting hormones. Physiol Rev 1969; 49:240–284.
18. Schwartz NB. A model for the regulation of ovulation in the rat.
Recent Prog Horm Res 1969; 25:1–55.
19. Feder HH, Brown-Grant K, Corker CS. Pre-ovulatory progesterone,
the adrenal cortex and the critical period for luteinizing hormone
release in rats. J Endocrinol 1971; 50:29–39.
20. Clemens LG, Weaver DR. The role of gonadal hormones in the ac-
tivation of feminine sexual behavior. In: Adler NT, Pfaff DW, Goy
RW (eds.), Handbook of Behavioral Neurobiology, 7th ed. New
York: Plenum Press; 1985:183–227.
21. Pfaff DW. Estrogens and Brain Function. New York: Springer-Ver-
lag; 1980.
22. Powers JB. Hormonal control of sexual receptivity during the estrous
cycle of the rat. Physiol Behav 1970; 5:831.
23. Yanase M, Gorski RA. Sites of estrogen and progesterone facilitation
of lordosis behavior in the spayed rat. Biol Reprod 1976; 15:536–
543.
24. MacLusky NJ, McEwen BS. Oestrogen modulates progestin receptor
concentrations in some rat brain regions but not in others. Nature
1978; 274:276–278.
25. Parsons B, MacLusky NJ, Krey L, Pfaff DW, McEwen BS. The
temporal relationship between estrogen-inducible progestin receptors
in the female rat brain and the time course of estrogen activation of
mating behavior. Endocrinology 1980; 107:774–779.
26. Feil PD, Glasser SR, Toft DO, O’Malley BW. Progesterone binding
in the mouse and rat uterus. Endocrinology 1972; 91:738–746.
27. Milgrom E, Thi L, Atger M, Baulieu EE. Mechanisms regulating the
concentration and the conformation of progesterone receptor(s) in the
uterus. J Biol Chem 1973; 248:6366–6374.
28. Milgrom E, Atger M, Perrot M, Baulieu EE. Progesterone in uterus
and plasma. VI. Uterine progesterone receptors during the estrus cy-
cle and implantation in the guinea pig. Endocrinology 1972; 90:
1071–1078.
29. Komisaruk BR, Diakow C. Lordosis, reflex intensity in rats in rela-
tion to the estrous cycle, ovariectomy, estrogen administration and
mating behavior. Endocrinology 1973; 93:548–557.
30. Mani SK, Blaustein JD, O’Malley BW. Progesterone receptor func-
tion from a behavioral perspective. Horm Behav 1997; 31:244–255.
31. Rubin BS, Barfield RJ. Progesterone in the ventromedial hypothal-
amus facilitates estrous behavior in ovariectomized estrogen-primed
rats. Endocrinology 1983; 113:797–804.
32. Ogawa S, Olazabal UE, Parhar IS, Pfaff DW. Effects of intrahypo-
thalamic administration of antisense DNA for progesterone receptor
mRNA on reproductive behavior and progesterone receptor immu-
noreactivity in female rat. J Neurosci 1994; 14:1766–1774.
33. Fadem BH, Barfield RJ, Whalen RE. Dose-response and time-re-
sponse relationships between progesterone and the display of patterns
of receptive and proceptive behavior in the female rat. Horm Behav
1979; 13:40–48.
34. Davidson JM, Bloch GJ. Neuroendocrine aspects of male reproduc-
tion. Biol Reprod 1969; 1(suppl):67–92.
35. Sachs BD, Meisel RL. Pubertal development of penile reflexes and
copulation in male rats. Psychoneuroendocrinology 1979; 4:287–
296.
36. Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schu¨tz G, Ume-
sono K, Blumberg B, Kastner P, Mark M, Chambon P, Evans RM.
The nuclear receptor superfamily: the second decade. Cell 1995; 83:
835–839.
37. Tsai MJ, O’Malley BW. Molecular mechanisms of action of steroid/
thyroid receptor superfamily members. Annu Rev Biochem 1994;
63:451–486.
38. Pratt WB, Toft DO. Steroid receptor interaction with heat shock pro-
teins and immunophilin chaperones. Endocr Rev 1997; 18:306–360.
39. DeMarzo A, Beck CA, On˜ate SA, Edwards DP. Dimerization of
mammalian progesterone receptors occurs in the absence of DNA
and is related to the release of the 90-kDa heat shock protein. Proc
Natl Acad Sci 1991; 88:72–76.
40. Beato M, Sa´nchez-Pacheco A. Interaction of steroid hormone recep-
tors with the transcription initiation complex. Endocr Rev 1996; 17:
587–609.
41. Beck CA, Weigel NL, Edwards DP. Effects of hormone and cellular
modulators of protein phosphorylation on transcriptional activity,
DNA binding, and phosphorylation of human progesterone receptors.
Mol Endocrinol 1992; 6:607–620.
42. Weigel NL, Bai W, Zhang Y, Beck CA, Edwards DP, Poletti A.
Phosphorylation and progesterone receptor function. J Steroid Bio-
chem 1995; 53:509–514.
43. Kraus WL, Montano MM, Katzenellenbogen BS. Identification of
multiple, widely spaced estrogen-responsive regions in the rat pro-
gesterone receptor gene. Mol Endocrinol 1994; 8:952–969.
44. Kraus WL, Montano MM, Katzenellenbogen BS. Cloning of the rat
progesterone receptor gene 59-region and identification of two func-
tionally distinct promoters. Mol Endocrinol 1993; 7:1603–1616.
45. Savouret JF, Bailly A, Misrahi M, Rauch C, Redeuilh G, Chauch-
ereau A, Milgrom E. Characterization of the hormone responsive
element involved in the regulation of the progesterone receptor gene.
EMBO J 1991; 10:1875–1883.
46. Pleim ET, Brown TJ, MacLusky NJ, Etgen AM, Barfield RJ. Dilute
estradiol implants and progestin receptor induction in the ventro-
medial nucleus of the hypothalamus: correlation with receptive be-
havior in female rats. Endocrinology 1989; 124:1807–1812.
47. Barfield RJ, Chen JJ. Activation of estrous behavior in ovariecto-
1456 MOLENDA ET AL.
mized rats by intracerebral implants of estradiol benzoate. Endocri-
nology 1977; 101:1716–1725.
48. Mitra SW, Hoskin E, Yudkovitz J, Pear L, Wilkinson HA, Hayashi
S, Pfaff DW, Ogawa S, Rohrer SP, Schaeffer JM, McEwen BS, Alves
SE. Immunolocalization of estrogen receptor beta in the mouse brain:
comparison with estrogen receptor alpha. Endocrinology 2003; 144:
2055–2067.
49. Mani SK, O’Malley BW. Mechanism of progesterone receptor action
in the brain. In: Pfaff DW (ed.), Hormones, Brain and Behavior. New
York: Academic Press; 2002:643–682.
50. Rissman EF, Early AH, Taylor JA, Korach KS, Lubahn DB. Estrogen
receptors are essential for female sexual receptivity. Endocrinology
1997; 138:507–510.
51. Ogawa S, Chan J, Chester AE, Gustafsson JA, Korach KS, Pfaff
DW. Survival of reproductive behaviors in estrogen receptor beta
gene-deficient (betaERKO) male and female mice. Proc Natl Acad
Sci 1999; 96:12887–12892.
52. Pfaff DW, Keiner M. Atlas of estradiol-concentrating cells in the
central nervous system of the female rat. J Comp Neurol 1973; 151:
121–158.
53. Pfaff DW, Sakuma Y. Deficit in the lordosis reflex of female rats
caused by lesions in the ventromedial nucleus of the hypothalamus.
J Physiol 1979; 288:203–210.
54. Howard SB, Etgen AM, Barfield RJ. Antagonism of central estrogen
action by intracerebral implants of tamoxifen. Horm Behav 1984;
18:256–266.
55. Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson JA.
Cloning of a novel receptor expressed in rat prostate and ovary. Proc
Natl Acad Sci 1996; 93:5925–5930.
56. Dupont S, Krust A, Gansmuller A, Dierich A, Chambon P, Mark M.
Effect of single and compound knockouts of estrogen receptors alpha
(ERalpha) and beta (ERbeta) on mouse reproductive phenotypes. De-
velopment 2000; 127:4277–4291.
57. Krege JH, Hodgin JB, Couse JF, Enmark E, Warner M, Mahler JF,
Sar M, Korach KS, Gustafsson J, Smithies O. Generation and repro-
ductive phenotypes of mice lacking estrogen receptor-b. Proc Natl
Acad Sci 1998; 95:15677–15682.
58. Couse JF, Hewitt SC, Bunch DO, Sar M, Walker VR, Davis BJ,
Korach KS. Postnatal sex reversal of the ovaries in mice lacking
estrogen receptors alpha and beta. Science 1999; 286:2328–2331.
59. Gorski RA. The possible neural sites of hormonal facilitation of sex-
ual behavior in the female rat. Psychoneuroendocrinology. 1976; 1:
371–387.
60. Kato J, Hirata S, Nozawa A, Yamadamouri N. Gene expression of
progesterone receptor isoforms in the rat brain. Horm Behav 1994;
28:454–463.
61. Kato J. Progesterone receptors in brain and hypophysis. In: Ganter
D, Pfaff D (eds.), Current Topics in Neuroendocrinology, vol. 5.
Berlin: Springer-Verlag; 1985:32–81.
62. Lauber AH, Romano GJ, Pfaff DW. Sex difference in estradiol reg-
ulation of progestin receptor messenger RNA in rat mediobasal hy-
pothalamus as demonstrated by in situ hybridization. Neuroendocri-
nology 1991; 53:608–613.
63. Powers JB, Valenstein ES. Sexual receptivity: facilitation by medial
preoptic lesions in female rats. Science 1972; 175:1003–1005.
64. Pollio G, Xue P, Zanisi M, Nicolin A, Maggi A. Antisense oligo-
nucleotide blocks progesterone-induced lordosis behavior in ovari-
ectomized rats. Mol Brain Res 1993; 19:135–139.
65. Mani SK, Blaustein JD, Allen JMC, Law SW, O’Malley BW, Clark
JH. Inhibition of rat sexual behavior by antisense oligonucleotides
to the progesterone receptor. Endocrinology 1994; 136:1409–1414.
66. Kastner P, Krust A, Turcotte B, Stropp U, Tora L, Gronemeyer H,
Chambon P. Two distinct estrogen-regulated promoters generate tran-
scripts encoding the two functionally different human progesterone
receptor forms A and B. EMBO J 1990; 9:1603–1614.
67. Tetel MJ, Giangrande PH, Leonhardt SA, McDonnell DP, Edwards
DP. Hormone-dependent interaction between the amino- and carbox-
yl-terminal domains of progesterone receptor in vitro and in vivo.
Mol Endocrinol 1999; 13:910–924.
68. Tung L, Kamel Mohamed M, Hoeffler JP, Takimoto GS, Horwitz
KB. Antagonist-occupied human progesterone B-receptors activate
transcription without binding to progesterone response elements and
are dominantly inhibited by A-receptors. Mol Endocrinol 1993; 7:
1256–1265.
69. Giangrande PH, Pollio G, McDonnell DP. Mapping and character-
ization of the functional domains responsible for the differential ac-
tivity of the A and B isoforms of the human progesterone receptor.
J Biol Chem 1997; 272:32889–32900.
70. Lydon JP, Demayo FJ, Funk CR, Mani SK, Hughes AR, Montgom-
ery CA Jr, Shyamala G, Conneely OM, O’Malley BW. Mice lacking
progesterone receptor exhibit pleiotropic reproductive abnormalities.
Genes Dev 1995; 9:2266–2278.
71. Conneely OM, Lydon JP. Progesterone receptors in reproduction:
functional impact of the A and B isoforms. Steroids 2000; 65:571–
577.
72. Mulac-Jericevic B, Mullinax RA, Demayo FJ, Lydon JP, Conneely
OM. Subgroup of reproductive functions of progesterone mediated
by progesterone receptor-B isoform. Science 2000; 289:1751–1754.
73. McKenna NJ, Lanz RB, O’Malley BW. Nuclear receptor coregula-
tors: cellular and molecular biology. Endocr Rev 1999; 20:321–344.
74. On˜ate SA, Tsai SY, Tsai MJ, O’Malley BW. Sequence and charac-
terization of a coactivator for the steroid hormone receptor superfam-
ily. Science 1995; 270:1354–1357.
75. Glass CK, Rose DW, Rosenfeld MG. Nuclear receptor coactivators.
Curr Opinion Cell Biol 1997; 9:222–232.
76. Bramlett KS, Burris TP. Effects of selective estrogen receptor mod-
ulators (SERMs) on coactivator nuclear receptor (NR) box binding
to estrogen receptors. Mol Genet Metab 2002; 76:225–233.
77. On˜ate SA, Boonyaratanakornkit V, Spencer TE, Tsai SY, Tsai MJ,
Edwards DP, O’Malley BW. The steroid receptor coactivator-1 con-
tains multiple receptor interacting and activation domains that co-
operatively enhance the activation function 1 (AF1) and AF2 do-
mains of steroid receptors. J Biol Chem 1998; 273:12101–12108.
78. Voegel JJ, Heine MJS, Zechel C, Chambon P, Gronemeyer H. TIF2,
a 160 kDa transcriptional mediator for the ligand-dependent activa-
tion function AF-2 of nuclear receptors. EMBO J 1996; 15:3667–
3675.
79. McInerney EM, Tsai MJ, O’Malley BW, Katzenellenbogen BS.
Analysis of estrogen receptor transcriptional enhancement by a nu-
clear hormone receptor coactivator. Proc Natl Acad Sci 1996; 93:
10069–10073.
80. Wardell SE, Boonyaratanakornkit V, Adelman JS, Aronheim A, Ed-
wards DP. Jun dimerization protein 2 functions as a progesterone
receptor N-terminal domain coactivator. Mol Cell Biol 2002; 22:
5451–5466.
81. Spencer TE, Jenster G, Burcin MM, Allis CD, Zhou J, Mizzen CA,
McKenna NJ, On˜ate SA, Tsai SY, Tsai MJ, O’Malley BW. Steroid
receptor coactivator-1 is a histone acetyltransferase. Nature 1997;
389:194–197.
82. Bannister AJ, Kouzarides T. The CBP co-activator is a histone ace-
tyltransferase. Nature 1996; 384:641–643.
83. Kim MY, Hsiao SJ, Kraus WL. A role for coactivators and histone
acetylation in estrogen receptor alpha-mediated transcription initia-
tion. EMBO J 2001; 20:6084–6094.
84. Torchia J, Rose DW, Inostroza J, Kamei Y, Westin S, Glass CK,
Rosenfeld MG. The transcriptional co-activator p/CIP binds CBP and
mediates nuclear-receptor function. Nature 1997; 387:677–684.
85. McKenna NJ, O’Malley BW. From ligand to response: generating
diversity in nuclear receptor coregulator function. J Steroid Biochem
Mol Biol 2000; 74:351–356.
86. Tetel MJ. Nuclear receptor coactivators in neuroendocrine function.
J Neuroendocrinol 2000; 12:927–932.
87. Hong H, Kohli K, Garabedian MJ, Stallcup MR. GRIP1, a transcrip-
tional coactivator for the AF-2 transactivation domain of steroid,
thyroid, retinoid, and vitamin D receptors. Mol Cell Biol 1997; 17:
2735–2744.
88. Suen CS, Berrodin TJ, Mastroeni R, Cheskis BJ, Lyttle CR, Frail
DE. A transcriptional coactivator, steroid receptor coactivator-3, se-
lectively augments steroid receptor transcriptional activity. J Biol
Chem 1998; 273:27645–27653.
89. Xu J, Liao L, Ning G, Yoshida-Kimoya H, Deng C, O’Malley BW.
The steroid receptor coactivator SRC-3 (p/cip/RAC3/AIB1/ACTR/
TRAM-1) is required for normal growth, puberty, female reproduc-
tive function, and mammary gland development. Proc Natl Acad Sci
2000; 97:6379–6384.
90. Wong CW, Komm B, Cheskis BJ. Structure-function evaluation of
ER alpha and beta interplay with SRC family coactivators: ER se-
lective ligands. Biochemistry 2001; 40:6756–6765.
91. Smith CL, On˜ate SA, Tsai MJ, O’Malley BW. CREB binding protein
acts synergistically with steroid receptor coactivator-1 to enhance
steroid receptor-dependent transcription. Proc Natl Acad Sci 1996;
93:8884–8888.
92. Margeat E, Poujol N, Boulahtouf A, Chen Y, Muller JD, Gratton E,
1457NUCLEAR RECEPTOR COACTIVATORS IN REPRODUCTION
Cavailles V, Royer CA. The human estrogen receptor alpha dimer
binds a single SRC-1 coactivator molecule with an affinity dictated
by agonist structure. J Mol Biol 2001; 306:433–442.
93. Giangrande PH, Kimbrel EA, Edwards DP, McDonnell DP. The op-
posing transcriptional activities of the two isoforms of the human
progesterone receptor are due to differential cofactor binding. Mol
Cell Biol 2000; 20:3102–3115.
94. Chrivia JC, Kwok RP, Lamb N, Hagiwara M, Montminy MR, Good-
man RH. Phosphorylated CREB binds specifically to the nuclear
protein CBP. Nature 1993; 365:855–859.
95. Kwok RPS, Lundblad JR, Chrivia JC, Richards JP, Bachinger HP,
Brennan RG, Roberts SGE, Green MR, Goodman RH. Nuclear pro-
tein CBP is a coactivator for the transcription factor CREB. Nature
1994; 370:223–229.
96. Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, Gloss B, Lin S-
C, Heyman RA, Rose DW, Glass CK, Rosenfeld MG. A CBP inte-
grator complex mediates transcriptional activation and AP-1 inhibi-
tion by nuclear receptors. Cell 1996; 85:403–414.
97. Petrij F, Giles RH, Dauwerse RCM, Saris JJ, Hennekam RCM, Ma-
suno M, Tommerup N, van Ommen GB, Goodman RH, Peters DJM,
Breuning MH. Rubinstein-Taybi syndrome caused by mutations in
the transcriptional co-activator CBP. Nature 1995; 376:348–351.
98. Oike Y, Hata A, Mamiya T, Kaname T, Noda Y, Suzuki M, Yasue
H, Nabeshima T, Araki K, Yamamura K. Truncated CBP protein
leads to classical Rubinstein-Taybi syndrome phenotypes in mice:
implications for a dominant-negative mechanism. Hum Mol Genet
1999; 8:387–396.
99. Vo N, Goodman RH. CREB-binding protein and p300 in transcrip-
tional regulation. J Biol Chem 2001; 276:13505–13508.
100. Blanco JC, Minucci S, Lu J, Yang XJ, Walker KK, Chen H, Evans
RM, Nakatani Y, Ozato K. The histone acetylase PCAF is a nuclear
receptor coactivator. Genes Dev 1998; 12:1638–1651.
101. Liu Z, Wong J, Tsai SY, Tsai MJ, O’Malley BW. Sequential recruit-
ment of steroid receptor coactivator-1 (SRC-1) and p300 enhances
progesterone receptor-dependent initiation and reinitiation of tran-
scription from chromatin. Proc Natl Acad Sci 2001; 98:12426–
12431.
102. Xu Y, Klein-Hitpass L, Bagchi MK. E1A-mediated repression of
progesterone receptor-dependent transactivation involves inhibition
of the assembly of a multisubunit coactivation complex. Mol Cell
Biol 2000; 20:2138–2146.
103. Burakov D, Wong CW, Rachez C, Cheskis BJ, Freedman LP. Func-
tional interactions between the estrogen receptor and DRIP205, a
subunit of the heteromeric DRIP coactivator complex. J Biol Chem
2000; 275:20928–20934.
104. Fondell JD, Guermah M, Malik S, Roeder RG. Thyroid hormone
receptor-associated proteins and general positive cofactors mediate
thyroid hormone receptor function in the absence of the TATA box-
binding protein-associated factors of TFIID. Proc Natl Acad Sci
1999; 96:1959–1964.
105. Rachez C, Lemon BD, Suldan Z, Bromleigh V, Gamble M, Naar
AM, Erdjument-Bromage H, Tempst P, Freedman LP. Ligand-depen-
dent transcription activation by nuclear receptors requires the DRIP
complex. Nature 1999; 398:824–828.
106. Yuan CX, Ito M, Fondell JD, Fu ZY, Roeder RG. The TRAP220
component of a thyroid hormone receptor-associated protein (TRAP)
coactivator complex interacts directly with nuclear receptors in a
ligand-dependent fashion. Proc Natl Acad Sci 1998; 95:7939–7944.
107. Warnmark A, Almlof T, Leers J, Gustafsson JA, Treuter E. Differ-
ential recruitment of the mammalian mediator subunit TRAP220 by
estrogen receptors ERalpha and ERbeta. J Biol Chem 2001; 276:
23397–23404.
108. Galeeva A, Treuter E, Tuohimaa P, Pelto-Huikko M. Comparative
distribution of the mammalian mediator subunit thyroid hormone re-
ceptor-associated protein (TRAP220) mRNA in developing and adult
rodent brain. Eur J Neurosci 2002; 16:671–683.
109. Shao W, Halachmi S, Brown M. ERAP140, a conserved tissue-spe-
cific nuclear receptor coactivator. Mol Cell Biol 2002; 22:3358–
3372.
110. Cavarretta IT, Mukopadhyay R, Lonard DM, Cowsert LM, Bennett
CF, O’Malley BW, Smith CL. Reduction of coactivator expression
by antisense oligodeoxynucleotides inhibits ERalpha transcriptional
activity and MCF-7 proliferation. Mol Endocrinol 2002; 16:253–270.
111. Lanz RB, McKenna NJ, On˜ate SA, Albrecht U, Wong J, Tsai SY,
Tsai MJ, O’Malley BW. A steroid receptor coactivator, SRA, func-
tions as an RNA and is present in an SRC-1 complex. Cell 1999;
97:17–27.
112. Sodersten P, Hansen S. Effects of castration and testosterone, dihy-
drotestosterone or oestradiol replacement treatment in neonatal rats
on mounting behaviour in the adult. J Endocrinol 1978; 76:251–260.
113. Sachs BD, Pollak EK, Krieger MS, Barfield RJ. Sexual behavior:
normal male patterning in androgenized female rats. Science 1973;
181:770–772.
114. Sachs BD, Thomas DA. Differential effects of perinatal androgen
treatment on sexually dimorphic characteristics in rats. Physiol Be-
hav 1985; 34:735–742.
115. Shim WS, DiRenzo J, DeCaprio JA, Santen RJ, Brown M, Jeng MH.
Segregation of steroid receptor coactivator-1 from steroid receptors
in mammary epithelium. Proc Natl Acad Sci 1999; 96:208–213.
116. Xu J, Qiu Y, Demayo FJ, Tsai SY, Tsai MJ, O’Malley BW. Partial
hormone resistance in mice with disruption of the steroid receptor
coactivator-1 (SRC-1) gene. Science 1998; 279:1922–1925.
117. Nephew KP, Ray S, Hlaing M, Ahluwalia A, Wu SD, Long X, Hyder
SM, Bigsby RM. Expression of estrogen receptor coactivators in the
rat uterus. Biol Reprod 2000; 63:361–367.
118. Hlaing M, Nam K, Lou J, Pope WF, Nephew KP. Evidence for ex-
pression of estrogen receptor cofactor messenger ribonucleic acid in
the ovary and uterus of domesticated animals (sheep, cow and pig).
Life Sciences 2001; 68:1427–1438.
119. Misiti S, Schomburg L, Yen PM, Chin WW. Expression and hor-
monal regulation of coactivator and corepressor genes. Endocrinol-
ogy 1998; 139:2493–2500.
120. Misiti S, Koibuchi N, Bei M, Farsetti A, Chin WW. Expression of
steroid receptor coactivator-1 mRNA in the developing mouse em-
bryo: a possible role in olfactory epithelium development. Endocri-
nology 1999; 140:1957–1960.
121. Molenda HA, Griffin AL, Auger AP, McCarthy MM, Tetel MJ. Nu-
clear receptor coactivators modulate hormone-dependent gene ex-
pression in brain and female reproductive behavior in rats. Endocri-
nology 2002; 143:436–444.
122. Meijer OC, Steenbergen PJ, de Kloet ER. Differential expression and
regional distribution of steroid receptor coactivators SRC-1 and
SRC-2 in brain and pituitary. Endocrinology 2000; 141:2192–2199.
123. Auger AP, Tetel MJ, McCarthy MM. Steroid receptor co-activator-1
mediates the development of sex specific brain morphology and be-
havior. Proc Natl Acad Sci 2000; 97:7551–7555.
124. Martinez de Arrieta C, Koibuchi N, Chin WW. Coactivator and co-
repressor gene expression in rat cerebellum during postnatal devel-
opment and the effect of altered thyroid status. Endocrinology 2000;
141:1693–1698.
125. Nishihara E, Yoshida-Komiya H, Chan CS, Liao L, Davis RL,
O’Malley BW, Xu J. SRC-1 null mice exhibit moderate motor dys-
function and delayed development of cerebellar Purkinje cells. J
Neurosci 2003; 23:213–222.
126. Charlier TD, Lakaye B, Ball GF, Balthazart J. Steroid receptor coac-
tivator SRC-1 exhibits high expression in steroid-sensitive brain ar-
eas regulating reproductive behaviors in the quail brain. Neuroen-
docrinology 2002; 76:297–315.
127. Billings HJ, Tetel MJ, Goodman RL, Lehman MN. Localization of
steroid receptor coactivator-1 in the ewe preoptic area and hypothal-
amus: coexpression in a subset of GnRH neurons. In: Program of
the 5th International Congress on Neuroendocrinology; 2002; Bris-
tol, UK. Abstract 320.
128. Apostolakis EM, Ramamurphy M, Zhou D, Onate S, O’Malley BW.
Acute disruption of select steroid receptor coactivators prevents re-
productive behavior in rats and unmasks genetic adaptation in knock-
out mice. Mol Endocrinol 2002; 16:1511–1523.
129. Chaudhary J, Skinner MK. Role of the transcriptional coactivator
CBP/p300 in linking basic helix-loop-helix and CREB responses for
follicle-stimulating hormone-mediated activation of the transferrin
promoter in Sertoli cells. Biol Reprod 2001; 65:568–574.
130. Auger AP, Perrot-Sinal TS, Auger CJ, Ekas LA, Tetel MJ, McCarthy
MM. Expression of the nuclear receptor coactivator, cAMP response
element-binding protein, is sexually dimorphic and modulates sexual
differentiation of neonatal rat brain. Endocrinology 2002; 143:3009–
3016.
131. Stromberg H, Svensson SP, Hermanson O. Distribution of CREB-
binding protein immunoreactivity in the adult rat brain. Brain Res
1999; 818:510–514.
132. Auger CJ, Bentley GE, Auger AP, Ramamurthy M, Ball GF. Ex-
pression of cAMP response element binding protein-binding protein
in the song control system and hypothalamus of adult European star-
lings (Sturnus vulgaris). J Neuroendocrinol 2002; 14:805–813.
133. Ogawa H, Nishi M, Kawata M. Localization of nuclear coactivators
p300 and steroid receptor coactivator 1 in the rat hippocampus. Brain
Res 2001; 890:197–202.
